The group of neurodegenerative diseases collectively known as tauopathies are characterized by hallmark lesions consisting of fibrillar aggregates of the microtubule-associated protein, tau (MAPT). Mutations of the tau gene (MAPT ) are the cause of frontotemporal dementia with parkinsonism linked to chromosome 17, giving tau a central role in the pathogenic process. The chromosomal region containing MAPT has been shown to evolve into two major haplotypes, H1 and H2, which are defined by linkage disequilibrium (LD) between several polymorphisms over the entire MAPT gene. Studies to date suggest a complete absence of recombination between these two haplotypes. The more common haplotype H1 is overrepresented in patients with progressive supranuclear palsy (PSP) and corticobasal degeneration. Using single nucleotide polymorphisms, we mapped LD in the regions flanking MAPT and have established the maximum extent of the haplotype block on chromosome 17q21.31 as a region covering 2 Mb. This generich region extends centromerically beyond the corticotrophin releasing hormone receptor 1 gene (CRHR1 ) to a region of 400 kb, where there is a complete loss of LD. The telomeric end is defined by an 150 kb region just beyond the WNT3 gene. We show that the entire, fully extended H1 haplotype is associated with PSP, which implicates several other genes in addition to MAPT, as candidate pathogenic loci.
INTRODUCTION
The tauopathies are a group of neurodegenerative disorders that are characterized by fibrillar aggregates of the microtubule-associated protein, tau (MAPT). These disorders include Alzheimer's disease (AD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick's disease (PiD) and frontotemporal dementia with parkinsonism linked to chromosome , with a clinical spectrum ranging from dementia to parkinsonian phenotypes (1) . The recent identification of missense and splice-site mutations in the tau gene, MAPT (MIM 157140), causing FTDP-17 (MIM 600274) affirmed a central role of tau dysfunction in neurodegenerative aetiology (2, 3) . Although the other related tauopathies, including AD, PSP and CBD are defined by fibrillar tau pathology, MAPT is not mutated in these diseases. PSP (MIM 601104; Steele -Richardson -Olszewski syndrome) (4) is a sporadic disorder of late adult life. However, robust genetic association of PSP with MAPT and rare reports of families with more than one affected member (5, 6) indicate that genetic factors could play a role in PSP. Conrad et al. (7) were the first of many groups that proposed that variation in MAPT itself could be an important genetic influence in sporadic PSP, by demonstrating the association of the more common allele (a 0 ) of a dinucleotide marker in MAPT intron 9 with PSP. Over-representation of this allele was subsequently reported in the related, but rarer, four repeat primary tauopathy CBD (8) . The implication is that this polymorphism itself contributes to increased risk or that it is in linkage disequilibrium (LD) with the actual causative variant. Although some MAPT mutations in FTDP-17 cause a clinical PSP phenotype (9 -11) , no obvious causative Human Molecular Genetics, Vol. 13, No. 12 # Oxford University Press 2004; all rights reserved { The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. *To whom correspondence should be addressed. Tel: þ44 2076799266; Fax: þ44 2076799429; Email: rsilva@ion.ucl.ac.uk Human Molecular Genetics, 2004, Vol. 13, No. 12 1267-1274 DOI: 10.1093/hmg/ddh138 Advance Access published on April 28, 2004 variations of MAPT have been identified in clinically and pathologically diagnosed sporadic and familial PSP (12) .
The allelic association of MAPT with PSP and CBD was subsequently extended to a series of polymorphisms extending over the entire MAPT coding region spanning nearly 62 kb (13) . In 200 unrelated Caucasians, these polymorphisms were shown to be in complete LD, thereby forming two extended haplotypes, H1 and H2 (13) . The authors suggested that the establishment of these two haplotypes was an ancient event and that either recombination was suppressed in this region or recombinants were selected against. Baker et al. (13) also demonstrated that the more common haplotype H1, with which the a 0 allele segregated, was significantly over-represented in PSP. The MAPT haplotype was subsequently extended a further 68 kb to the three single nucleotide polymorphisms (SNPs) in the promoter region of MAPT (14, 15) .
Identifying the functional basis of the MAPT H1 haplotype association provides the most promising prospect for understanding the aetiopathogenesis of PSP and CBD. Pathological evidence is compelling in implicating the MAPT locus itself, with hitherto unidentified polymorphism(s) that could affect tau expression or splicing. It is therefore important to analyze the underlying LD within the H1 haplotype. Any neighbouring locus that is in LD with the MAPT haplotype could also be a candidate gene that harbours a pathogenic variant. The recent identification of the saitohin gene (STH ) illustrates this possibility (16) . We have shown that a coding polymorphism (Q7R) in this gene is in complete LD with the MAPT haplotype and the Q (H1) variant is associated with PSP (17) . The function of saitohin and the effect of the Q7R polymorphism need to be determined so as to assess its importance in disease predisposition.
The pool of candidate genes has increased considerably with recent findings that show that the H1/H2 haplotype block consisting of the region of almost complete LD extends far beyond MAPT (18) . The possible presence of pathogenic loci other than MAPT is supported by variants of FTDP-17 that are characterized by the absence of tau pathology and MAPT mutations (19 -21) .
The aim of this work was to define the complete MAPT haplotype block by delineating the outer edges of this extended region of LD. Several recent studies have suggested the concept of haplotype blocks, discrete block-like regions with near complete LD, typically ,100 kb (22, 23) . By virtue of this, haplotype blocks correspond to regions of low recombination compared with recombination hotpots in intervening regions (22, 23) . Evidence from previous studies strongly suggests that the H1/H2 haplotype covering the MAPT gene has undergone little recombination. Haplotypic diversity within the H1 haplotype may suggest that one or more unidentified H1 haplotypes could harbour functional polymorphic variants that are responsible for the welldocumented increased risk of PSP and CBD. Knowing the extent of the MAPT haplotype block would enable us to analyze the underlying variation in candidate genes within the H1 haplotype and establish H1-specific subtypes that could flag up potential pathogenic variants. These could also account for cases of FTDP-17 that lack tau pathology and are without any functional mutations in MAPT (19 -21) .
For this LD analysis, we selected a series of SNPs from the SNP Consortium database (http://snp.cshl.org), covering regions of 1 Mb from each edge of the tau gene (5 0 end of the MAPT promoter and 3 0 end of MAPT exon 14). We analyzed the LD of the SNPs with the tau HI/H2-defining intron 9 deletion polymorphism (del-In9 ) (13) as the point of reference. We also analyzed the haplotype block in a PSP case -control group (63 controls and 60 PSP cases) and showed that the entire extended MAPT H1 haplotype block is associated with PSP. These data define the extent of the candidate region, which harbours a genetic variant(s) that is an important contributory factor in the pathogenesis of PSP.
RESULTS

LD
To analyze the LD across the MAPT region, SNPs were initially selected from the SNP Consortium (http://snp.cshl. org) at intervals of 50 kb, covering regions of 1 Mb on either side of MAPT and also on the basis of having available frequency information (minor allele frequencies .0.1). SNPs (characterized and uncharacterized) were also selected on the basis of their position and type. The SNPs were genotyped using pyrosequencing or restriction enzyme analysis [restriction fragment length polymorphism (RFLP)] in 63 normal individuals and 60 PSP cases, all cases and controls were unrelated and of Caucasian, western European origin. The LD was calculated pair-wise, separately in the cases and in the controls, using the statistical LD calculations for D 0 and r 2 from the expectation -maximization (EM) derived haplotypes. There was no significant deviation from Hardy -Weinberg equilibrium (HWE; significance level was set at P , 0.05) in the controls and PSP cases at any of the loci (Table 1) . Previous studies show that the polymorphisms scattered throughout the coding and promoter regions of MAPT are in complete LD (13 -15,17) . Working outwards from MAPT, we defined the maximum size of the haplotype block and proceeded to locate the edges of this extended LD block. In both the control and the PSP cohorts, there was tight LD extending beyond MAPT in both directions as was reflected by the match of genotypes at these loci. Centromeric from MAPT, LD extends at least 0.39 Mb beyond the CRHR1 gene and ends within a 0.4 Mb region that includes several known genes such as mitogen activated kinase kinase kinase 14 (MAP3K14 ) and phospholipase C, delta 3 (PLCD3 ) (Figs 1 and 2 ). The SNP rs894685 and the glial fibrillary acidic protein gene (GFAP ), which is 53 kb centromeric from CRF, clearly lie outside the haplotype block. In the telomeric direction, LD extends 0.8 Mb from the 3 0 end of MAPT to the N-ethlymaleimide sensitive factor gene (NSF ). Within the region of 65 kb between NSF and the WNT3 genes (wingless-type MMTV integration site family, member 3), there is a progressive decay in LD (Figs 1 and 2 ). With this, we have defined the maximum extent of the MAPT haplotype block as a region of 2 Mb that is in LD. The centromeric end of the haplotype block could only be resolved to a minimum region of 0.4 Mb within which there is complete loss of LD (Figs 1 and 3 ). This was due to the lack of informative SNPs in this region. as statistical values for LD pair-wise between each SNP. Although the two methods showed differences in the LD pattern, i.e. D 0 appears less discriminatory in assigning significant LD between pairs of loci, they were both in agreement on the maximum size of the MAPT haplotype block. Furthermore, comparing the LD patterns between the controls and PSP cases did not reveal any major differences; the SNP rs2240756 appeared less strongly in LD by D 0 in the PSP group, as did SNP rs732589 in the control group. In this study, we encountered three types of SNPs. Firstly, those SNPs that had strong LD with the H1/H2 MAPT intron 9 deletion polymorphism (del-In9 ), by both r 2 and D 0 and thereby define the extended haplotype block (rs70602, rs199528, rs142167, rs1528072, rs1468241, H1/H2 del, rs916793, rs1396862, rs110402 and rs2668643). SNPs rs2668643, rs1396862, rs916793, H1/H2 del, rs1468241 and rs1528072 had an r 2 value .0.8 and SNPs rs142167, rs199528 and rs70602 showed a decline in r 2 , and to a lesser extent in D 0 , which defines the decay in LD at the edge of the extended haplotype.
Secondly, those SNPs that have only modest to weak LD with del-In9 but were contained within the extended haplotype (rs2240756, rs110402, rs1880748 and rs732589). The degree of LD of these SNPs was low when determined by the r 2 statistics but, depending on the SNP, showed modest to high LD according to the D 0 values. These differences in LD measure are because of the fact that r 2 has taken into account the differences in the allele frequencies of these SNPs (Table 1) . D 0 can reach a high value of LD when the frequencies of the SNPs vary widely, high values imply that copies of the rarer allele occur exclusively with one of the possible alleles of the other marker. Recent work suggests that r 2 is viewed more favourably as a measure of association for the causal variant than that of D 0 (24). D 0 is good at identifying the 'block' structure of LD and r 2 is better for defining the 'associated interval' and identifying potential causal variants. By D 0 , the haplotype block extends from rs732589 to rs70602. Using an EM algorithm, we predicted the haplotypes that could be formed by these SNPs and the del-In9, and noted that multiple haplotypes segregate with the H1 variant of del-In9, whereas only one major form segregates with the H2 variant of del-In9. This prediction suggests that these SNPs are specific to the H1 haplotype in that variation occurs only within the H1 background (H1-specific SNPs) and that there is negligible variation at these SNPs within the H2 haplotype in our case -control cohorts. It is interesting to note that the H1-specific SNPs (some with relatively high minor allele frequencies) have extremely low LD when compared with one-another and measured by r 2 , but have medium LD when measured with D 0 . These data suggest that there is considerable diversity and DNA recombination across the extended H1 haplotype.
In the third group of SNPs (rs758391, rs1662577 and rs894685), there was no detectable LD by r 2 (r 2 , 0.1) and very low D 0 with del-In9 as they lie outside the limits of the haplotype block. They show random variation relative to the H1 and H2 haplotypes confirming that they are not in LD with del-In9.
Association of the extended haplotype block with PSP
We performed a case -control, locus-by-locus association study of all the SNPs used in this study and, not surprisingly, all of the SNPs that were in LD with del-In9 forming the extended haplotype block were associated with PSP (Table 1 and Fig. 2) . Interestingly, some of the H1-specific SNPs Human
(rs2240756 and rs110402), but not others (rs732589 and rs1880748), showed significant allelic and genotypic association with PSP ( Table 1 ). The associated H1-specific SNPs flank MAPT (Fig. 3) and could be part of a sub-class of the H1 haplotype that includes the pathogenic variant(s). We deem these SNPs important for future study of the underlying architecture of the H1 haplotype in order to progressively refine the candidate regions responsible for PSP, CBD and some cases of Parkinson's disease (PD). At the telomeric end of the haplotype, the SNPs rs142167, rs199528 and rs70602 show a progressive decay in r 2 LD with increased distance from MAPT. This is reflected by a corresponding decrease in association with PSP, with a complete loss of LD and association with the outlying SNPs rs758391 and rs1662577 (Table 1 and Figs 1 and 2) . At the centromeric end of the haplotype, the outlying SNP rs894685 also shows evidence of allelic and genotypic association with PSP (Table 1 and Fig. 2 ). This is surprising because it is completely out of LD (r 2 , 0.1) with the extended MAPT haplotype block, and does not follow the expected correspondence of decrease in LD and association observed at the centromeric end. This could be 
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Human Molecular Genetics, 2004, Vol. 13, No. 12 due to variability in the extent of LD in the region. However, we typed a further SNP (rs911) that lies more centromeric from rs894685 and showed that it also was completely out of LD and not associated with PSP (data not shown). We are currently mapping this region in question with a higher density of informative SNPs and in larger study cohorts and in multiple ethnic groups.
DISCUSSION
With the MAPT haplotype block, we have defined a region of 2 Mb on chromosome 17q21 that is in complete LD ( Fig. 1 ) both pair-wise and relative to the H1/H2 defining MAPT intron 9 deletion (del-In9 ). A shorter block of LD extending from the end of the CRHR1 gene to the beginning of the NSF locus was found in a cohort of idiopathic late-onset PD cases and age-, region-and gender-matched controls (25) . The region that we have defined provides us with the candidate region for more detailed analysis of the underlying architecture of the H1 haplotype and by more detailed LD analysis pinpoints the locus involved in PSP and CBD pathogenesis. The region is relatively gene rich and, other than MAPT, contains genes, both confirmed and predicted, that could be important for neuronal function or even be involved directly with tau function. MAPT lies in the centre of the haplotype block, with the presenilin homologue (IMP5/PSH2 ) and corticotrophin releasing hormone receptor (CRHR1 ) genes between MAPT and the centromeric edge of the haplotype block. IMP5/PSH2, which is at 47 kb from MAPT belongs to a family of proteins with sequence and structural homology to the presenilins (PS), PS1 and PS2, that are mutated in earlyonset familial AD (26) . Nine coding SNPs in IMP5/PSH2 were shown to be in complete LD with the MAPT haplotype (26) but no pathological mutations were identified in MAPT mutation negative frontotemporal dementia families ('taunegative' FTDP-17) (26) . The telomeric end of the MAPT haplotype block is defined by the NSF and WNT3 genes. The NSF protein is a synaptic protein that is important for the regulation of neurotransmitter release and acts as part of a protein complex involved in the docking and fusion of synaptic vesicles with target membranes (reviewed in 27). It has been suggested that the NSF gene may be involved in schizophrenia (28) and epilepsy (29) . The WNT3 protein is involved in Central nervous system development (30, 31) . There are possibly up to seven more genes between MAPT and NSF. Confirmed genes include LOC284058 and ARF. The former is a large gene just 5 kb telomeric to MAPT and its expression in brain has been confirmed separately by the cDNA clone KIAA1267 (32) . In the most recent assembly of the chromosome 17 sequence (July 2003 from http://genome. ucsc.edu), the region of the ARF and NSF genes is duplicated, as indicated by the perfect tandem duplication of a region covering the entire ARF gene and exons 1-13 of the NSF gene (Fig. 2) . Nested within each duplicated ARF gene there could be a gene resembling the NBR2 gene (neighbour of BRCA1 gene 2) (33) as suggested by the high degree of homology (93.6%). NBR2 is also on chromosome 17q21, outside the MAPT haplotype block, about 2.66 Mb centromeric to the CRHR1 and lies head-to-head with the breast cancer gene, BRCA1 (33) . In fact, the NBR2 and BRCA1 region is also duplicated tandemly with a region containing NBR1 and the LBRCA1 pseudogene (34) which has an arrangement similar to the duplicated ARF and NSF gene region. The BRCA1/NBR2 gene region is also characterized by extended LD forming two major, highly conserved haplotypes of frequencies 0.64 and 0.33 that similarly show a lack of recombination (34) .
We analyzed each SNP for association with PSP in cases and controls. As expected, all the SNPs in LD with del-In9 showed evidence of association (P 0.05) (Fig. 2) . At the telomeric end of the haplotype block, the association of the SNPs tended to decrease when the LD decreased. This was not apparent at the centromeric end of the haplotype. The association with PSP may be explained by the SNP perhaps having LD with other markers inside the haplotype block that are also associated with PSP.
In a previous study, it was shown that the markers D17S810 and rs1816 had significant allelic association with PSP (18) . Both markers lie within the extended haplotype block that we have defined (Fig. 3) , thus supporting the validity of our findings. Future studies would require a denser, higher resolution map of SNPs in this region to comprehensively map association and LD at the edges of the MAPT haplotype block.
Haplotype-based association studies have been touted as powerful and comprehensive method for identifying the genetic cause of complex disorders (22, 23) . Both the LD Figure 2 . Significant association of MAPT haplotype SNPs with PSP. Plot of 2log(P ) for case -control test for both allele and genotype association of the SNPs with PSP.
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and the association studies give further strong evidence of a gene responsible for PSP in the region of the MAPT haplotype block. The extension and delineation of the outer limits of the MAPT haplotype block significantly increases the candidate region in both PSP and CBD, classifying the genes within this block as potential pathogenic candidates. However, based on the considerable evidence from tau related pathology of both PSP and FTDP-17, the MAPT locus should remain as the main focus of attention in the quest for a pathogenic polymorphism or H1 haplotype. This should include investigation of regions within MAPT that could influence gene expression, splicing or stability of message. However, this does not exclude the possibility that any other gene within this haplotype is directly or indirectly involved with MAPT, or that defects in a gene other than MAPT lead to tau pathology such as in the case of mutations in the APP and PS genes and the APOE-14 allele in AD. For example, the STH gene nested within intron 9 of MAPT (7) could be involved directly in tau function. This is based on parallels with the vesicular acetylcholine transporter (VAChT ) gene which is nested within the choline acetyltransferase (ChAT ) gene and both genes, which could be co-regulated, are needed for expression of the cholinergic phenotype (35) . At this stage it would be premature to speculate on the importance of the association of any single gene or polymorphism with PSP. It is clear that the entire MAPT haplotype block and the genes it contains are associated with PSP. In future studies, it would be important to study the underlying architecture of the extended MAPT H1 haplotype block so as to hone in on candidate H1 haplotype clades and their genes that are more tightly associated with PSP. This study provides new data in defining the outer extent of LD of the MAPT haplotype block, providing the minimal chromosomal region for more detailed studies of haplotype architecture and association with PSP and CBD with the final goal of pinpointing the ancestral pathogenic locus/loci. Future investigations should therefore include: (1) investigation of intra-H1 variation across the entire MAPT haplotype block in order to establish H1 haplotypes within MAPT and elsewhere that, by virtue of being more tightly associated with PSP, could harbour any pathogenic variants; (2) re-sequence obvious candidate genes within the MAPT haplotype block in order to find PSP specific polymorphisms; and (3) investigate the LD pattern in the MAPT haplotype block in ethnic diversity panels. In a recent study of recombination across the MHC class II region, it was shown that very similar patterns of LD exist between divergent populations studied (North Europeans, Saami and Zimbabweans), with recombination hotspots playing the major role in shaping LD (36) . This supports other studies that show that LD blocks seem to be common and are often shared between populations (23, 37) indicating that haplotype structure in humans is ancient, predating the recent diversification (36) .
MATERIALS AND METHODS
Subjects
The control population (n ¼ 63; average age of death 72 years) were of Caucasian origin, from the European Brain Bank series and had neither clinical evidence of neurodegenerative disease (12, 15, 17, 38) and additional pathologically confirmed cases have been added to this study. Pathological confirmation of the diagnosis of PSP was made following standardized criteria (38) . All patients and controls were collected under approved protocols followed by informed consent and his work was approved by the Joint Medical Ethics Committee of the National Hospital of Neurology and Neurosurgery, London.
PCR
The 238 bp MAPT H2 deletion in intron 9 (del-In9 ) was used to determine unambiguously the tau haplotype in the individuals as previously described (13) . Oligonucleotide primer pairs were designed to specifically amplify by PCR, the MAPT haplotype SNPs of interest (rs895685, rs732589, rs2668643, rs1880748, rs110402, rs1396862, rs916793, rs1468241, rs1528072, rs2240756, rs142167, rs199528, rs70602, rs1662577 and rs758391). The reactions contained 25 ng of template DNA, 1 U of Taq DNA polymerase, 10Â PCR buffer, 10 mM dNTP mix, 10 pmol of each oligonucleotide primer pair and 5Â Q solution (Qiagen, Crawley, UK). Thermocycling conditions were carried out using the 'touchdown' method. Genotyping of the SNPs was carried out either by pyrosequencing (Pyrosequencing Inc., Westbourough, MA, USA) or by restriction digests (RFLP). PCR and pyrosequencing primer sequences and thermocycling conditions are available on request.
Genotyping
The SNPs rs110402, rs1396862, rs916793, rs1468241, rs1528072, rs2240756, rs142167 and rs70602 were analyzed by pyrosequencing. Twelve microlitres of the biotinylated PCR product was immobilized on streptavidin -sepharose TM HP (Amersham Pharmacia Biotech, Piscataway, NJ, USA): The gel slurry (4 ml) was resuspended in binding buffer (10 mM Tris -HCl, 2 M NaCl, 1 mM EDTA, 0.1% Tween-20). Template and beads were mixed continuously for .5 min at room temperature. The immobilized DNA template was transferred to a 96-well filter plate attached to a vacuum manifold (Millipore Inc., Bedford, MA, USA), then immersed for 10 s in ethanol followed by denaturing buffer (0.2 M NaOH) and finally wash buffer (10 mM Tris -acetate, pH 7.6). The sequencing primer (15 pmol) was then annealed to the single-stranded template in 12 ml of annealing buffer (20 mM Tris -acetate, 2 mM magnesium acetate, pH 7.6) at 808C for 2 min before cooling to room temperature. Samples were analyzed using a PSQ 96 system together with SNP software and SNP reagent kits (Pyrosequencing Inc.) following the manufacturer's instructions. For SNP analysis by RFLP, 15 ml of PCR product-SNPs: Digests were run on a 4% agarose gel for analysis. Genotype scoring was carried out blindly by two individuals. Any discrepancies between the two were resolved by repeating the assay.
LD and statistical analysis
For each SNP, the allele and genotype distributions in the group of PSP patients were compared with those in the control group. Statistical assessments for the allele and genotype frequencies and HWE were made using the genetics software program TagIt (http://popgen.biol.ucl.ac.uk/software. html) (24) . The square of the correlation coefficient (r 2 ) (39) and D 0 for LD was calculated pair-wise between each. Both measures of LD are based on D, the basic pair-wise disequilibrium coefficient, the difference between the probabilities of observing them independently in the population: D ¼ f (A 1 B 1 ) 2 f (A 1 )f (B 1 ) (40), where A and B refer to two genetic markers and f is their frequency. D 0 is obtained from D/D max and a value of 0.0 suggests independent assortment, whereas 1.0 means that all copies of the rarer allele occur exclusively with one of the possible alleles at the other marker. r 2 has a more strict interpretation than that of D 0 , r 2 ¼ 1.0 only when the marker loci have identical allele frequencies; the allele at the one locus can always be predicted by the allele at the other locus. In contrast, D 0 can reach a value of 1.0 when the allele frequencies vary. An r 2 value .0.5 represents a high level of LD, r 2 values ,0.1 represent essentially no LD. Haplotype predictions were made using an EM algorithm using TagIT. Case -control locus-by-locus association was calculated statistically using a x 2 distribution and the significance was calculated using a Monte-Carlo approach as implemented by CLUMP software (41) .
